Abstruct-Using the idealized model of a leaky coaxial cable in a circular tunnel to represent a leaky-feeder communication channel, we examine both pulse transmission and the bandwidth limitations of the channel. The phase and group velocities of the bifiiar mode are found to be nearly independent of frequency between 1 MHz and 100 MHz, and the channel bandwidth is found to be quite large. The effect of mode excitation is also examined by treating the mutual impedance between a pair of short electric dipoles as the transfer function and the channel bandwidth is still large.
INTRODUCTION

T HE leaky-feeder technique
for communication in mine tunnels has recently been investigated in several theoretical [l-51 and experimental studies [ 6 , 71 . Most theoretical studies have concentrated on the attenuation rates of the dominant modes and the coupling loss from the leaky cable to a nearby antenna. In addition to these signal amplitude effects, the bandwidth of leaky-feeder systems is of interest for cases where transmission of wide-band signals is desired.
In this paper, we analyze an idealized leaky-feeder channel which consists of a uniform leaky coaxial cable located at an arbitrary position within a circular tunnel.
The frequency domain transfer function is expanded about the carrier frequency in constant, linear, and quadratic terms in both amplitude and phase. This transfer function is then used to study the dispersion of a Gaussian pulse propagating along the leaky-feeder channel. The same technique was previously applied for the case of a constant amplitude channel [8] and for amplitude and phase dispersion in optical waveguides [9, lo] .
FREQUENCY DOMAIN TRANSFER FUNCTION
The specific geometry of the leaky coaxial cable located within a circular tunnel is shown in Fig. 1 . The air-filled tunnel has radius ao, and the surrounding rock has an effective conductivity ue and permittivity E , . Free space permeability po is assumed everywhere. The leaky coaxial cable is located at (po, $o) in cylindrical coordinates ( p , 4, 2 ) . The center conductor has radius a and conductivity u,. The insulation has outer radius b and permittivity E . The outer conductor of radius b is assumed to be a metal braid with a surface transfer impedance 2, which is given by [ 1 11 where LT is the transfer inductance and exp.
(iot) time dependence is assumed. The mode equation for the cabletunnel configuration was derived and solved previously [4] .
The convergence of this mode equation has been improved for the important special case when the cable is close to the tunnel wall [12] . The propagation constant r has been obtained for both the bifilar and monofilar modes for a wide variety of cases. For a uniform cable and tunnel, the bifilar mode is dominant in long distance transmission because it has a lower attenuation rate.
In our transfer function P ( o ) , we include only the propagation effect of a single mode over a distance z: a(w) is the attenuation rate and P(w) is the phase constant. Since we later consider a more general transfer function which includes excitation, we wish to write P(o) in a more general form :
where A ( w ) and @(a) are real. For the propagation transfer function of (2), it is clear that A(w) = a(w)z and@(w) = P(w)z.
(4)
Since we expect to use P(w) in a bandpass region centered about some carrier frequency w o , we expand A(w) and @(a) in a Taylor series about wo :
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At this stage, the following substitutions are useful:
Following an earlier approach [8] , we identify T as the phase delay, T~ as the group delay, and W as a phase bandwidth for , the channel. Also, we can identify aoz as the total channel attenuation and Ws and WA as amplitude bandwidths. The parameters W, Ws, and WA are measures of the bandwidth over which the channel will depart significantly from a distortionless channel [13] of constant amplitude, linear phase.
From (4) and (6), the explicit expressions for the bandwidth quantities are found to be At this point, we could calculate the bandwidth quantities from (7), but we first choose to examine the problem of pulse propagation in order to give more meaning to Ws, W A , and W.
GAUSSIAN PULSE PROPAGATION
For simplicity, our source signal fo(t) as a function of time is taken to be a Gaussian-modulated carrier
where Fo is an amplitude factor. Strictly speaking, the time domain signals should be real functions of time. This can be accomplished by simply taking the real part of the time domain functions [13] . The frequency spectrum
(9)
As indicated, the spectrum peaks at o -oo and diminishes rapidly for w o / a 3 1. We define (Y here as the source bandwidth. Also, without additional complexity we can allow a receiver transfer function R(w) of the following form:
where y is the receiver bandwidth.
The frequency spectrum of the detected signal is the product of the spectra of the source signal, the channel transfer function, and the receiver channel. Thus the detected transient signal f i t ) is given by the following inverse Fourier transform:
( 1 1 ) By utilizing the integral property of the Gaussian [8,9] we can evaluate the infinite integral in (1 1) and obtain the following for fit):
2aT where
This result reduces to that of Kapron and Keck [9] if we set the receiver function equal to unity (R(oo) = 1 and l / y 2 = 0). The physical meaning of (12) is fairly clear. The factor exp (-aoz) represents the total channel attenuation, the carrier phase is delayed by the time delay 7 , and e(t) is the signal envelope. However, e(t) is complex and is a function of all three bandwidth quantities WA, W, and Ws. In order to understand the effects of the three bandwidth quantities on e(t), it is easiest to examine the individual effect of each one on an e(t) in the absence of the other two. Thus we have the three following cases.
Case I : quadratic amplitude term dominates (1/W = l/Ws = 0). In this case, e(t) is given by
It is clear that the envelope is delayed by the group delay Tg and the pulse width, 2T, is given by In order to minimize the pulse width, the receiver bandwidth y should be set equal to infinity (l/y2 = 0). Also, we note that for WAV2 3 a-2 + the pulse width 2Tis approximately equal to WA-l. For a digital system, this relationship fits the common definition of bandwidth (=reciprocal of the pulse width). Thus we call WA the quadratic amplitude bandwidth.
Case 2: quadratic phase term dominates (l/WA = l/Ws = 0). This is the case treated previously [8] that is relevant to H.F. ionospheric wave transmission. Here e(t) is given by Again the envelope is delayed by the group delay Tg, but this time the envelope is complex. The magnitude of the envelope is given by
To minimize td, y is given by
(1 7)
Under this condition, the pulse width td is 2lIi/W. Thus, except for a factor of 2 l j2, we again have the reciprocal relationship between pulse width and bandwidth. Consequently, we call W the quadratic phase bandwidth.
Case 3: linear phase term dominates ( l / W = l / W A = 0). In this case, e(t) is given by
The first factor is a constant independent oft, and the second factor yields the delayed envelope with no stretching. The third factor has unity magnitude and represents an apparent shift us = -(2PWs)-l in the frequency carrier. Since this frequency shift is inversely proportional to W,, we call W, the linear amplitude bandwidth. Apparently, Kapron and Keck [9] ignored this frequency shift because they were interested only in the magnitude of the pulse envelope. However, such an apparent frequency shift might cause a problem if coherent detection rather than envelope detection were used.
NUMERICAL RESULTS
The numerical solution of the mode equation for the cabletunnel geometry configuration was described before [4, 121 . For the bifilar mode, the propagation constant is primarily determined by the dielectric constant of the insulation and is approximately given by r z io = ( i~/ c ) ( +~)~/~ = iw/(0.816~),
( 1 9) where c is the free-space velocity of light. Since the phase velocity up is given by /3/u and the group velocity u, is given by dw/dp, the approximate phase and group velocities are given by The actual values of up and U, as computed from the mode equation is shown in Fig. 2 From the numerically computed values of I?, we can determine the bandwidth quantities from (7) by taking the required w derivatives numerically. For all the results given in this paper, we set the propagation distance z at 1 k m .
In Fig. 4 , we show the bandwidths for the low-leakage cable results are for a. -po = 5 cm, but the results are nearly independent of po. In Fig. 5 , we show the bandwidths for the high leakage cable (LT = 40 nH/m) located 40 cm from the wall.
For ,the high-leakage cable close to the wall in Fig. 6 , the bandwidths are smaller but never less than 10% of the carrier frequency. Some recent work on wire mesh screens indicates that the surface transfer impedance actually depends on the propagation constant r [14] . If the weave angle of the braid wires The general effect of this change is to decrease 2, and make the cable less leaky. In 'Figs. 7 and 8, we show the resultant velocities and attenuation rates for the r-dependent ZT model. In comparing Figs. 3 and 8 , we see that the attenuation rates of. the low leakage cable (LT = 2 nH/m) are relatively independent of the ZT model because they are mainly dependent on the center conductor losses. However, for the high leakage cable (LT = 40 nH/m), the attenuation rates are much lower for the r-dependent ZT model. In Fig. 9 , we show the bandwidth quantities for the ridependent ,model, and they are typically larger than those for the corresponding parameters in Fig. 6 .
Although the monofilar mode typically has very high attenuation due to return current in the rock walls [4, 12] , it could be of interest in some cases because it is easy to excite. The prop- agation constant r of the monofilar mode is typical of a slow wave (p > ko), and the attenuation rate increases and velocity decreases as the cable is moved close to the wall. In Fig. 10 , we show the bandwidth quantities for the monofilar mode of a cable 20 cm from the tunnel wall. The LT value is 2 nH/m, but the monofilar mode is weakly dependent on the cable walls.
As Fig. 10 indicates, the bandwidths for the monofilar mode are considerably smaller than those of the bifilar mode.
EFFECT OF EXCITATION
If we consider transmission between a pair of short electric dipoles in the tunnel environment, then a more complete transfer function is the mutual impedance 2,. Let the transmitting dipole have an arbitrary transverse orientation at where K , is independent of a. We now define our new transfer function P,(a) as the frequency dependent part of 2, :
In a manner similar to (4), we can now define our new arnplitude and phase functions, A,(w) and @,(o):
and The quantity dM(r)/dr is directly available from the solution of the mode equation which utilizes the r derivative in a Newton's method solution of the mode equation. As in (6) and (7), we can define the linear amplitude, quadratic amplitude, and quadratic phase bandwidths: The o derivatives in (26) again are computed numerically. In Fig. 11 , the bandwidth quantities of (26) are shown for a leakage cable close to the tunnel wall. This case corresponds to the parameters used in Fig. 6 . Note that the addition of the excitation factor changes the bandwidth curves some- Fig. 11 . 40.0 , I I I , , , 1 1 , , I , , , Bandwidth quantities of the bifiiar mode with included.
what, but the minimum bandwidths are only slightly smaller. The same general trend has been found true for other cases.
CONCLUSIONS
The bandwidth limitations of an idealized leaky feeder channel have been evaluated by examining both the frequency response of the channel and the transmission of a Gaussian pulse along the channel. In either case the important quantities are the linear amplitude, quadratic amplitude, and quadratic phase bandwidths. However, for bifiar mode propagation for a distance of 1 km, these bandwidths are found to be quite large and never less than 10% of the carrier frequency for any of the cases investigated. The phase and group velocities of the bifilar mode are found to be quite frequency independent and determined primarily by the cable parameters.
For a cable braid model which utilizes a r-dependent surface transfer impedance, the cable is effectively less leaky. Consequently, the attenuation rate is lower and the bandwidths are even larger.
The monofilar mode was found to have bandwidths of only about 1% of the carrier for frequencies above 30 MHz. However, the attenuation rate for the monofilar mode above 30 MHz is so high (X00 dB/km) that this mode would be unusable anyway.
The effect of bifilar mode excitation was also included by using the mutual impedance between a pair of short dipoles as the transfer function. The effect of excitation on bandwidth was found to be fairly minor.
The primary conclusion of the bandwidth calculations is that bifilar' propagation along a uniform cable in a uniform tunnel has a very wide bandwidth. However, for nonuniform cables or tunnels where mode conversion occurs, the channel could become quite frequency sensitive and have much smaller bandwidths. Such mode conversion could be either intentional [15,, 161 or inadvertent [ l ] .
Another, possible extension is to allow for cubic terms in the expansion of the transfer function about the carrier freexcitation quency. This was done explicitly by Wait [ 171 for the phase term. The envelope is no longer Gaussian for the present model but is characterized by a more complicated yet tractable Airy function. Such cubic terms would be important in describing the envelope delay in cases where the effective bandwidths W and Ws of the quadratic terms are infinite (i.e. a point of inflection in the frequency dispersion curves).
